Rab5 is a small GTPase known to regulate vesicular trafficking during interphase. Here, we show that Rab5 also plays an unexpected role during mitotic progression. RNAi-mediated silencing of Rab5 caused defects in chromosome congression and extensive prometaphase delay, and it correlated with a severe reduction in the localization of the centromere-associated protein CENP-F to kinetochores. CENP-F is a component of the nuclear matrix required for chromosome congression that, at mitotic entry, localizes to the nuclear envelope and assembles on kinetochores, contributing to the establishment of kinetochore microtubule interactions. We found that Rab5 forms a complex with a subset of CENP-F in mitotic cells and regulates the kinetics of release of CENP-F from the nuclear envelope and its accumulation on kinetochores. Simultaneous depletion of both Rab5 and CENP-F recapitulated the mitotic defects caused by silencing of either Rab5 or CENP-F alone, indicating epistatic roles for these two proteins in the pathway that orchestrates chromosome congression. These results reveal the involvement of Rab5 in the proper execution of mitotic programs whose deregulation can undermine chromosomal stability.
endocytosis | mitosis R ab5 is a GTPase involved in the early steps of endocytosis (1) (2) (3) and in cell motility (4, 5) . In human cells, Rab5 exists in three distinct isoforms (Rab5A, Rab5B, and Rab5C) that show overlapping localization and redundant function in endocytosis (6, 7) . Rab5 is mainly localized to early endosomes and controls their docking, fusion, and movement on microtubules. In its active GTP-bound form, it recruits downstream effectors that, in turn, are responsible for distinct aspects of early endosome function from signal transduction to selection and transport of cargoes (reviewed in refs. 8 and 9) . In Caenorhabditis elegans, Rab5 is also required to maintain the morphology of the endoplasmic reticulum and control the kinetics of nuclear envelope disassembly (10) .
Recently, many endocytic proteins have also been shown to contribute to spindle stability (11) . In this regard, Rab5C has been found in an MS-based spindle inventory (12) , suggesting that it might have a function at the spindle. However, the potential functional involvement of Rab5 in mitosis has not been addressed so far.
In this study, we show a role of Rab5 in chromosome congression. Our results indicate that depletion of Rab5 affects the localization of CENP-F, a transient kinetochore component required for chromosome congression, to kinetochores.
CENP-F is a protein of the nuclear matrix that accumulates during the G2 phase and is rapidly degraded after anaphase (13) . Interestingly, CENP-F has no homologs in invertebrates and displays a complex pattern of localization (13, 14) . At the G2/M transition, it is recruited to the nuclear envelope by the nuclear pore protein Nup133 (15) . Here, CENP-F, in complex with NudE/EL, participates in centrosome tethering to the nuclear surface before nuclear envelope breakdown (15) . During prophase, CENP-F assembles on maturing kinetochores, where it remains until anaphase (13, 14) . At kinetochores, CENP-F contributes to the assembly of the outer plate by recruiting other kinetochore components, such as the mitotic kinesin CENP-E, and to the stability of kinetochore microtubule interactions (16) (17) (18) (19) (20) . Several defects have been reported in mitotic cells depleted of CENP-F, including misaligned chromosomes, unstable microtubule capture at kinetochores, prometaphase delay, and aberrant chromosome segregation (16) (17) (18) (19) (20) . In our study, all these defects were recorded to comparable levels in the Rab5-silenced cells and more importantly, also in the cells simultaneously depleted of Rab5 and CENP-F, indicating that the two proteins lie on a linear pathway. Furthermore, we found that Rab5 is in complex with CENP-F in mitosis and that it controls the kinetics of release of CENP-F from the nuclear envelope and its accumulation on kinetochores, indicating that CENP-F is a relevant target of Rab5 in chromosome congression.
Results
Rab5 Is Required for Chromosome Congression. In most human cell lines, early endosomes are located beneath the plasma membrane (21) . We investigated the localization of Rab5 in mitosis using the human osteosarcoma cell line U2OS stably expressing both YFP-Rab5A and mRFP-α-tubulin (to label microtubules). We noticed that Rab5-positive vesicles clustered around spindle poles at the onset of mitosis (Movie S1). The number of vesicles close to the poles abruptly diminished at prometaphase and metaphase, resuming only at late telophase (Movie S1). A similar localization was also detected for endogenous Rab5A (Fig.  1A) . Accumulation of Rab5 vesicles around spindle poles in prophase might depend on the presence of astral microtubules, because treatment of cells with the Plk1 inhibitor BI2536, which abrogates prophase microtubule asters (22) , prevented vesicles from clustering at poles (Fig. 1B) . We also noticed that, at metaphase, some Rab5-positive vesicles moved within the spindle (Movie S2 shows a single section taken in the equatorial region of the spindle). To calculate the frequency of this event, 13 metaphase cells were video-recorded and analyzed as described in SI Materials and Methods (Movie S3 is a representative movie). The average number of Rab5 vesicles found at the spindle in an equatorial region of 3 μm was 8.6 ± 4% of their total number in the analyzed area.
To investigate whether Rab5 could play a role in mitosis, we depleted it by siRNA-mediated silencing in U2OS cells. Inhibition of endocytosis can only be achieved by silencing all three Rab5 isoforms (7). We, therefore, simultaneously knocked down all Rab5 isoforms (Rab5-KD) in U2OS cells stably transfected with a tetracycline-inducible (TET ON) Rab5A silencing-resistant plasmid. Targeting of Rab5 by siRNAs resulted in ∼90% depletion of Rab5 proteins ( Fig. 2A) . This level of Rab5 ablation caused, as previously reported (7), a strong reduction in the endocytosis of the transferrin receptor (Fig. S1A) . By treating the Rab5-silenced cells with doxycycline, we recovered Rab5A expression to levels comparable with endogenous Rab5A ( Fig. 2A) and could rescue transferrin uptake, thereby validating our experimental model (Fig. S1A) .
We observed that, in mitotic Rab5-silenced cells, chromosome congression was impaired compared with control cells (Fig. S1B) . To quantify this effect, we arrested the silenced cells at metaphase by treating them with the proteasome inhibitor MG132. Metaphase-arrested Rab5-depleted cells displayed severe chromosome misalignments (Fig. 2B and Fig. S1C ) compared with control cells. The individual knockdown of Rab5A ( Fig. 2 A  and B) , -B, or -C (Fig. S1 D and E) did not have any appreciable effect. Importantly, reexpression of Rab5A by doxycycline treatment rescued alignment of chromosomes on the metaphase plate, thereby excluding off-target effects ( Fig. 2 A and B and Fig.  S1C ). These results also indicate functional redundancy among Rab5s, a phenomenon broadly reminiscent of the overlapping roles of Rab5s in endocytosis (6, 7) . Of note, expression of the dominant-negative Rab5 mutant Rab5AS34N, which has preferential affinity for GDP (2) , also caused chromosome uncongression, indicating that the GTPase activity of Rab5 is required for efficient chromosome alignment (Fig. S1 F-H) .
To explore spindle assembly and chromosome alignment in Rab5-depleted cells, we used time-lapse videomicroscopy. We silenced the three Rab5 isoforms in U2OS cells stably expressing H2B-GFP (to label chromosomes) and mRFP-α-tubulin. Control cells assembled bipolar spindles and aligned their chromosomes on the metaphase plate. At anaphase, chromosomes segregated to the opposite poles ( Fig. 2C and Movie S4).
In Rab5-silenced cells, although bipolar spindles assembled, a variable number of chromosomes remained at the poles and failed to congress (Fig. 2D and Movie S5). This finding correlated with a remarkable delay in the onset of anaphase (median = 175 min and n = 108 compared with median = 55 min and n = 139 in control cells) (Fig. 2E) . However, after a variable time (Fig. 2E) , cells managed to undergo anaphase and segregated their chromosomes to the two daughter cells. In some cases, it was possible to detect cells undergoing anaphase with misaligned chromosomes (an example is provided in Movie S6).
Taken together, our data indicate that Rab5 is required for chromosome congression and segregation under physiological conditions and that its functional ablation causes a significant mitotic delay.
To exclude that chromosome congression in Rab5-silenced cells could occur as a consequence of defective endocytosis, we silenced another Rab protein involved in early endocytic pathways: Rab21. Despite the fact that Rab5 and Rab21 share common effectors in endocytosis and their impairment affects endocytosis (23, 24) , Rab21 depletion did not alter chromosome congression (Fig. S2) , indicating that chromosome alignment is not strictly dependent on the correct execution of endocytic programs.
Reduced Tension Across Sister Kinetochores and Decreased Kinetochore Microtubule Stability in Rab5-Silenced Cells. Coordinated chromosome movements largely rely on kinetochore microtubule dynamics, which in turn, are responsible for the generation of tension across sister kinetochores (25) . We evaluated whether tension at kinetochores was defective in late prometaphase/ metaphase-silenced cells by measuring the interkinetochore distance of kinetochore pairs. We found that interkinetochore spacing was reduced in Rab5-depleted cells compared with control cells (average = 0.63 ± 0.21 μm compared with 1.2 ± 0.27 μm in control cells) ( Fig. 3 A and B) . Reexpression of Rab5A in the Rab5-silenced cells recovered interkinetochore distance to control levels (average = 0.94 ± 0.26 μm) (Fig. 3 A and B) . We also investigated the stability of kinetochore microtubules in the Rab5-silenced cells. Cells were briefly chilled at 4°C to induce depolymerization of microtubules not stably attached to kinetochores. We noticed that stable kinetochore microtubules formed in the cells depleted of Rab5. Interestingly, although in control cells, kinetochores were invariably attached to microtubules, a subset of unattached kinetochores was observed in all of the Rab5-silenced cells analyzed (Fig. 3C) . Reexpression of Rab5A in the Rab5-silenced cells rescued the stability of kinetochore microtubules (Fig. 3C) . Overall, these data show that, in cells depleted of Rab5, strong pulling forces across kinetochores are defective and the stability of kinetochore microtubules is reduced.
Rab5 Is Required to Localize CENP-F to Kinetochores. Unstable kinetochore microtubule interactions may be caused by defects in outer kinetochore assembly, particularly of those components involved in spindle microtubule capture or stabilization such as the Ndc80 complex (26) or centromere-associated proteins CENP-F (17) and CENP-E (27) . Therefore, we analyzed the kinetochore localization of these proteins. The amount of CENP-F at kinetochores was severely reduced in Rab5-silenced cells compared with control cells (Fig. 4 A and B) . Reexpression of Rab5A in the Rab5-silenced cells recovered CENP-F localization to kinetochores (Fig. 4 A and B) . Conversely, the recruitment of HEC1, a subunit of the Ndc80 complex, whose silencing prevents the formation of stable kinetochore fibers (26), was not affected on depletion of Rab5 (Fig. S3 ). Of note, although HEC1 is essential for the stability of kinetochore microtubules, depletion of CENP-F does not prevent their formation, but it affects stable capture, resulting in defects (17, 18) similar to the defects observed in the Rab5-silenced cells (Fig. 3C) .
We noticed that, in early prophase, Rab5 and CENP-F concentrated around the nuclear envelope ( detected adjacent to some kinetochores (Fig. S4A ). To further investigate this finding, we took advantage of the in situ proximity ligation assay (is PLA). The high sensitivity of this technique allowed us to score positive signals in the cells probed with both anti-Rab5A and anti-CENP-F antibodies but not in cells probed with purified IgG and CENP-F antibody, which were invariably close to kinetochores (Fig. S4B ). Inspired by these results, we investigated whether Rab5 could interact with CENP-F in mitosis. To this end, mitotic lysates of U2OS cell stably expressing either YFP-Rab5A or YFP were immunoprecipitated with anti-GFP antibody. A fraction of CENP-F coimmunoprecipitated with YFP-Rab5A but not with YFP alone (Fig. 4C ), indicating that a pool of CENP-F is in complex with Rab5. At late G2 phase, CENP-F localizes to the nuclear envelope, where it participates in centrosome tethering to the nuclear surface (15) . We investigated whether Rab5 might be required to target CENP-F to the nuclear envelope and if it could be required for centrosomes anchoring. We readily detected, as reported in ref. 15 , centrosome detachment from the nuclear envelope in the CENP-F-silenced cells but not in the Rab5-depleted cells (Fig.  S5) . Consistently, we noticed that, in contrast to what was observed at kinetochores ( Fig. 4 A and B), Rab5 silencing did not prevent CENP-F localization to the nuclear envelope (Fig. S6A ). These results show that Rab5 is not part of the pathway that, at late G2, recruits CENP-F to anchor centrosomes to the nuclear envelope.
We observed that the fluorescence intensity of CENP-F and lamin B1, a component of the nuclear lamina, was increased at the nuclear envelope of Rab5-silenced prophase cells compared with control cells (Fig. S6 A-C). This increase was not observed in the Rab5-silenced cells expressing Rab5A ( Fig. S6 B and C) . Because in C. elegans, silencing of Rab5 retards nuclear envelope disassembly, resulting in increased levels of B-type lamin at nuclear envelope (10), we investigated whether Rab5 might participate to nuclear envelope disassembly in mammalian cells. To this . end, we analyzed the duration of prophase (from the point at which chromosome condensation becomes evident until prometaphase, when the disassembly of the nuclear envelope is complete) in silenced U2OS cells expressing H2B-GFP, and we found that this transition was slightly delayed in cells depleted of Rab5 (median = 35 min and n = 80 compared with median = 25 min and n = 84 in control cells) (Fig. S6 D and E) . Together, our data suggest that Rab5, by participating in nuclear envelope disassembly, regulates the kinetics of release of CENP-F and lamin B1 from the nuclear envelope. Of note, reduced localization of CENP-F to kinetochores in Rab5-silenced cells is unlikely to be an exclusive result of its delayed release from the nuclear envelope, because Rab5-silencing retards nuclear envelope disassembly but does not prevent it. Furthermore, CENP-F does not need to associate first with the nuclear envelope to subsequently target the kinetochore (14, 15) . Hence, based on the observed Rab5-CENP-F interaction, we propose that Rab5, by entering in a complex with CENP-F, controls its accumulation at kinetochores after the completion of nuclear envelope disassembly.
Simultaneous Depletion of Rab5 and CENP-F Does Not Enhance the Mitotic Defects Caused by Silencing of Either Rab5 or CENP-F.
Functional ablation of CENP-F impairs chromosome congression and results in mitotic delay and aberrant anaphase chromosome segregation (16) (17) (18) 20) reminiscent of the defects that we found in the Rab5-silenced cells. Based on this parallel, the observed interaction of Rab5 with CENP-F and Rab5's requirement for CENP-F localization to kinetochores, we knocked down CENP-F in the Rab5-silenced cells to test whether the aberrant mitotic phenotypes would be exacerbated or not. Rab5 and/or CENP-F were depleted to >80% compared with control U2OS cells by RNAi-mediated silencing (Fig. 5A) . First, we scored the percentage of metaphase-arrested silenced cells with uncongressed chromosomes, and we found that it was comparable in the cells depleted of either or both Rab5 and CENP-F ( Fig. 5B) . Second, we investigated chromosome congression and the duration of mitosis in the silenced cells by time-lapse videomicroscopy ( Fig. 5 C and D and Movie S7). Depletion of either or both Rab5 and CENP-F yielded similar defects in chromosome alignment and segregation ( Fig. 5D and Movie S7). Of note, the mitotic delay, measured in cells in which both proteins were depleted, was comparable with the delay caused by single silencing of either Rab5 or CENP-F (Fig. 5C ) (median in CENP-F-KD or Rab5-KD = 160 min, median in Rab5-KD + CENP-F-KD = 165 min). Third, because ablation of CENP-F affects the localization of CENP-E to kinetochores (16, 17, 28) , we measured the latter parameter in midlate prometaphase cells depleted of Rab5 or CENP-F, and we found that it was decreased to similar extent regardless of whether Rab5 or CENP-F alone or both proteins were depleted (Fig. 5 E and F) .
These results indicate that Rab5 and CENP-F operate in the same pathway to regulate chromosome congression.
Discussion
In this study, we show a function of Rab5 in chromosome congression. Because Rab5 is required for chromosome alignment in Drosophila melanogaster (29) as well, this function seems to be conserved through evolution.
Our data indicate that Rab5 interacts with CENP-F in mitosis and regulates its accumulation at kinetochores. Interestingly, another Rab family member, Rab6A′, has been found to control the localization of p150
Glued , one of the components that transiently associates with kinetochores (30) .
Reduction in CENP-F activity affects chromosome alignment, impairs the establishment of stable kinetochore microtubule in- teractions, prolongs mitosis, reduces the kinetochore localization of the mitotic kinesin CENP-E, and results in chromosome missegregation at anaphase (16) (17) (18) (19) (20) , reminiscent of the defects that we observed, to similar extent, in the Rab5-silenced cells. Despite that additional proteins are likely involved in the molecular circuitry underlying Rab5 function, the lack of additive effects in cells simultaneously depleted of Rab5 and CENP-F argues that CENP-F is an important target of Rab5 in the pathway to chromosome congression. We show that, as reported in other model organisms (10, 29) , Rab5 also modulates the kinetics of nuclear envelope disassembly in mammalian cells and participates in the release of components of the nuclear envelope required for spindle stability, such as lamin B1 and CENP-F. Given that lamin B1 promotes the formation of a fibro-membranous spindle matrix that tethers spindle assembly factors and also requires nuclear distribution protein nudE-like (NudEL), a CENP-F-interacting partner (15, (31) (32) (33) , our data suggest the possibility that Rab5 might also be involved in some of the functions exerted by the spindle matrix.
In addition, considering our data and the work of Bolhy et al. (15), we propose that two pathways likely control CENP-F localization. The first pathway depends on Nup133 that, before nuclear envelope breakdown, recruits CENP-F and the NudE/ EL-dynein-dynactin complex to the nuclear envelope for centrosome tethering. The second pathway requires Rab5, and it is responsible for localizing CENP-F at kinetochores from prophase to the anaphase onset to aid chromosome congression.
In conclusion, our findings point at Rab5 as an important regulator in the CENP-F-mediated mechanism that ensures the correct execution of mitotic programs, thereby guarding against chromosomal instability, one of the hallmarks of cancer.
Materials and Methods

U2OS cells were grown in DMEM supplemented with 10% FBS (Gibco).
Derivatives of U2OS conditionally expressing the silencing-resistant version of Rab5A or empty vector were generated by transfecting the corresponding plasmids with lipofectamine (Invitrogen) according to the manufacturer's instructions. Stable transfectants were selected with puromycin (2 μg/mL; Sigma) and grown in DMEM supplemented with 10% Tet system-approved FBS (Clontech).
In the RNAi experiments, siRNA oligo duplexes from Dharmacon were transfected with Oligofectamine (according to manufacturer's instructions) and harvested 72-96 h after transfection. siRNA for Rab5 was previously described (7) . siRNA for Rab21 was performed with Rab21-specific siGENOME SMARTpool. siRNA for CENP-F was as described in ref. 28 . Double Rab5 and CENP-F silencing was performed transfecting siRNA oligos for Rab5. After 24 h, these cells were transfected with CENP-F oligos and processed 48 h later.
Expression of the Rab5A silencing-resistant construct in the inducible cell lines was achieved by adding doxycycline (2.5 μg/mL; Sigma-Aldrich) 24 h before harvesting cells. Controls were performed with siCONTROL Non-Targeting siRNA (Dharmacon).
For aligned metaphase plate measurements, cells were treated with 10 μM 26S proteasome inhibitor MG132 (Sigma-Aldrich) for 2 h before fixation.
Descriptions of expression vectors and antibodies, immunoprecipitation experiments, videomicroscopy, immunofluorescence, image quantifications, and in situ proximity ligation assays are in SI Materials and Methods. Immunoprecipitation Experiments. U2OS cells stably expressing YFP-Rab5A were synchronized at mitosis by treatment with 50 ng/mL nocodazole (Sigma) overnight. Mitotic cells were collected by mitotic shake off, washed two times with cold PBS, and lysed in cold JS buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 1% glycerol, 1% Triton X-100, 1.5 mM MgCl 2 , 5 mM EGTA) plus proteases and phosphatases inhibitors (20 mM sodium pyrophosphate, 100 μg/mL Aprotinin, 100 μg/mL Leupeptin, 50 mM NaF, 2 mM PMSF, 10 mM sodium orthovanadate). Lysates were cleared by centrifugation (30 min at 10,000 × g). Total cellular lysates (3 mg) were incubated with rabbit polyclonal anti-GFP Sepharose-conjugated antibody (ab69314; Abcam) for 2 h at 4°C. Immunoprecipitates were washed four times with lysis buffer, boiled for 5 min in Laemmli buffer, and run on a SDS/PAGE gradient gel (4-15%; Bio-Rad) followed by immunoblotting.
Supporting Information
Time-Lapse Experiments. Time lapse of cells stably expressing YFPRab5A and RFP-α-tubulin was done with an UltraVIEW VoX spinning disk confocal unit (PerkinElmer) equipped with an inverted Nikon Eclipse Ti microscope and a Yokogawa CSU-X1 scanning head driven by Volocity software (Improvision; PerkinElmer). In Movie S1, Z stacks were captured every 5 min with a 60× oil-immersion objective (N.A. = 1.4), and step size was 0.6 μm. In Movie S2, frames of a single section were captured every 600 ms with a 60× oil immersion objective (N.A. = 1.4).
We quantified the frequency of Rab5 vesicles at spindles in 13 movies of metaphase U2OS cells expressing YFP-Rab5A and RFP-α-tubulin. These movies result from Z projection of seven sections (corresponding to 3 μm) taken in the equatorial region of the spindle; Z stacks were acquired every 3 s for ∼4 min. Movie S3 is a representative movie used in the quantification. Quantification of Rab5 vesicles was done with ImageJ applying a mask corresponding to the spindle area to each time point. The frequency of Rab5 vesicles at spindles represents the percent of vesicles found within the spindle relative to their total number at each time point.
For the analysis on the mitotic behavior of silenced cells, time lapse of U2OS cells stably expressing H2B-GFP and RFP-α-tubulin, silenced either with control oligos or Rab5A, -B, or -C oligos, was performed using a Leica AF6000LX fluorescent workstation. Silenced cells were plated into glass-bottomed dishes (WillCo-dish; Willcowells) and placed onto a sample stage within an incubator chamber set at 37°C in an atmosphere of 5% CO 2 and 20% humidity. Images were captured with a 40× objective using 200-ms exposure time for both channels every 5 min for 10 h and keeping the lamp intensity at minimum to avoid phototoxicity. Z-stacks images were collected every 0.6 μm on a cell thickness around 10 μm. Automated acquisition of at least 15 different fields for each sample was done by using a high-precision motorized stage. Deconvolved images and Z projections were generated with the LAS AF Leica Application Suite software (Leica).
Immunofluorescence. Cells were grown on glass coverslips coated with 0.5% gelatin, fixed in 4% formaldehyde for 10 min at room temperature, permeabilized in PBS, 0.2% BSA, and 0.1% Triton X-100 for 10 min at room temperature, and blocked in PBS 3% BSA for 30 min at room temperature. For cells stained with anti-γ-tubulin, centrin and CENP-E antibodies fixation/extraction was performed with cold (−20°C) methanol for 1 min on ice. Primary antibodies were revealed by Alexa Fluor 555-, 488-(Molecular Probes), or Cy5-(Jackson) conjugated secondary antibodies. Confocal analysis was performed on a Leica TCS SP2 AOBS microscope. Maximum projection of images was created from Z stacks (step interval = 0.13-0.5 μm) and processed in Adobe Photoshop.
Immunofluorescence Intensity Analysis and in Situ Proximity Ligation Assay. Quantification of kinetochores intensity was done by confocal acquisition of Z stacks with the identical number of sections and settings. Quantification was performed on the average of Zstack projections using ImageJ. Briefly, an ellipsoidal region was centered on each kinetochore, and ACA intensity was measured in the same region and used for normalization after subtraction of background intensity measured outside the cell. For the quantification of CENP-F at kinetochores, the gain and offset parameters were kept stringent enough to minimize the contribution of diffuse CENP-F staining not corresponding to kinetochores. Fluorescence intensity of lamin B1 and CENP-F at nuclear envelope was measured on a single confocal section for each cell acquired with identical settings. Measurements were done as described in ref. 1 by determining pixel intensities along 4-μm lines that start 3 μm away from the nuclear envelope using the quantification tool Profile of Leica Confocal software. Mean intensities were calculated for 10 lines in each cell. In situ proximity ligation assays were performed with the Duolink kit purchased from Olink Bioscience according to the manufacturer's instructions.
Measurements of Interkinetochore Distance and Centrosome-Nuclear Periphery Distance. We measured the interkinetochore distance of kinetochore pairs on confocal sections in which both sister kinetochores were on the same focal plane using the quantification tool Profile (line) of Leica Confocal software.
Mean distances between the nuclear periphery and each of the two centrosomes were measured on confocal Z projections using the quantification tool Profile (line) of Leica Confocal software.
Kinetochore Microtubule Stability. U2OS-silenced cells were treated with 10 μM MG132 for 2 h, washed with cold PBS, chilled at 4°C for 10 min in DMEM supplemented with 20 mM Hepes, and fixed and stained with anti-α-tubulin and ACA antibodies. Deconvolution microscopy was performed using a wide-field optical sectioning Leica AF6000LX fluorescent workstation (Leica). Z series of images taken at 0.1-μm intervals by means of a piezoelectric device mounted between the objective and the turret were captured with a 63× objective and processed with 10 rounds of iterative deconvolution. Figures were generated by projecting sum of the optical sections. Deconvolution and projection were done with the LAS AF Leica Application Suite software (Leica). 
